In the topography of war landscapes the remains of war are found in the form of trenches, bombing craters and remnants of war infrastructure. Today war landscapes are "overlaid" by post-war "layers" of cultural landscapes. It requires non-invasive remote-sensing methods, e.g. time series of aerial photographs and high-resolution terrain models (LiDAR digital terrain model) to recognize these landscapes. In the study area on Kras Plateau (SW Slovenia) over one hundred kilometres of World War I trenches are preserved in the NW part of the plateau (app. 72 km 2 ) in the present-day topography and represent tangible war geoheritage. But much of these geoheritage was also lost in post-war periods, e.g. near the village of Vrtojba (SW Slovenia) where in 1917 over 12 km of World War I trenches existed, but a century later no traces of war are visible in the present-day topography. Almost two hundred World War I bomb craters also existed around the village that are also not existent in the topography any more. Many anthropogeomorphological traces of war are thus preserved only virtually and present intangible war geoheritage.
Introduction
Landscape is a complex combination of landforms and processes that is constantly changing [1] . "Unfortunately" some of these changes are also connected to war. Wars left many traces, thus we could speak about war landscapes (warscapes; [2, 3] ). Some of these traces were created in the time of the war. These include defensive structures such as earthworks (embankments), primary and secondary traces of warfare itself (e.g. bomb craters and rubble mountains), conflict-related traces associated with military training and weapons testing facilities as well as, potentially, traces of conflict sustenance (e.g. conflictrelated mining and infrastructure) [4] . Some others were built later for public memory (e.g. monuments, ossuaries and cemeteries, museums) and are more a case of military landscapes [5] . World War I (WWI) or all previous wars have no living witnesses anymore, thus the physical landscape can be considered as a "last witness" of these conflicts [6, 7] . Physical landscapes of such areas consist of specific topography "war layers" that include anthropogeomorphic landforms being characteristic only for battlefields and supporting areas.
The study and mapping of anthropogeomorphological traces of war is per se a transdisciplinary endeavour as it combines elements of geomorphology and archaeology ("archaeogeomorphology"), but also military geography, peace and conflict studies [4: 11] . Such research can be done by using historical aerial photographs and 3D topography data. A huge amount of aerial photographs that exist for many war landscapes present a large, but "often overlooked source of information for archaeological, historical and landscape research" [8] , and have a big potential for primary site discovery, documentation, and heritage management. "In many cases archival aerial photographs are the only source of data about cultural and natural phenomena" [9: 114] .
A growing number of works demonstrate the value of aerial photography for the study of former battlefields (e.g. [6, 8, [10] [11] [12] [13] [14] ), starting with WWI, when aerial photographs were used on a large scale for the first time. A comparison of different time series of aerial photographs gives an insight into the evolution of the landscape and presents a source for monitor the landscape dynamics [15] .
In 21st century Europe war landscapes can be identified mostly by areas of WWI and World War II (WWII) battlefields as well as many conflict areas of civil wars. During the war, the battlefields as well as the hinterland were physically transformed thus leaving many anthropogeomorphological traces and in many cases also environmentally degraded landscapes [16] . The former present a potential war geoheritage that it is often seen as "dark" heritage [4] , and can contribute to "dark tourism", which is a "rather emotive label" [17: 146] of tourism compared to a related and non-emotional "war tourism" concept [18] .
The first step towards acknowledging this kind of heritage is to map all the existing war landscape elements. The mapping of geoheritage in Slovenia, specifically geomorphological features, has been done before (e.g. [19] ), but this study is an attempt to map features that can be considered geoheritage and resulted from warfare.
The aim of this study is to present the application of historical aerial photographs of Slovenian territory, surveyed during both world wars and the post-war period, to (re)discover war geomorphological traces. Study sites highlight the potential of historical aerial photographs as well as photogrammetrically derived digital terrain models (DTMs) for the detection, mapping and quantification of war-related relief changes.
Materials and Methods

Mapping geomorphological traces of war
The recognition of geomorphological traces of war is based on analysing (i.e. comparing) historical aerial photographs and historical DTMs of war landscape (during war or close to war period) with present-day aerial photographs and DTMs. It consists of the: (1) Extraction of visible war topography traces: War traces are recognized on historical and present-day topography data or only on the latter and can be proved by other historical sources.
(2) Extraction of virtual war topography traces: A nonexisting war traces in the present-day topography can be recognised from historical aerial photographs or historical DTMs.
Study sites
The ability to identify and to map war landscape and potential war geoheritage (e.g. trenches, craters, infrastructure) was tested at four study sites (war landscapes) 
Aerial photographs
Historical aerial photographs "are unique data sources for site discovery and mapping, for creating reliable archaeo-logical inventories and records of landscape change, supporting heritage management" [12: 232] . Thus, aerial photographs are recognised as a highly valuable source of information for (geo)heritage and environmental studies [9: 107, 114] . Their application has been made significantly easier by the development of geographic information systems [21] , which -with suitably prepared data -allow a relatively easy comparison of different remote sensing data from various periods. WWI aerial photographs of Slovenian territory were taken from Austro-Hungarian and Italian planes along the Soča/Isonzo Front. Gheyle et al. [15: 505] wrote for the Western Front that "historical aerial photographs cover the frontline area and the enemy hinterland up to 50 km behind the lines. ... Yet only rarely were WWI aerial photographs taken more than 100 km from the front."
In 1915 with the entry of Italy into WWI a six hundredkilometre long front was established between AustriaHungary and Italy including a ninety-kilometre section known as the Soča/Isonzo Front [22: 130] in present-day Slovenia. A very extensive collection of reconnaissance aerial photographs of the Soča/Isonzo Front that were taken by Austro-Hungarian planes is kept at the Vienna War Archives, and partly also at the Nova Gorica Regional Archives [23] and at the Bavarian Military Archive [12: 227] . These aerial photographs are mainly black-and-white nonmetric photographs that for most covered areas do not allow classical photogrammetric stereo processing, and hence they were in the past largely analysed only through visual interpretation (e.g. [24] ).
The WWI aerial photographs of the Soča/Isonzo Front were recently visually analysed by several authors (e.g. [14, 23, [25] [26] [27] ).
Contrary, the majority of WWII aerial photographs are metric and, with the application of digital photogrammetry [28] , it was possible to obtain three-dimensional information ( Figure 3 ).
The air forces (Royal Air Force or RAF, USAF and Luftwaffe) took photographs of all of Europe and partly also of North Africa and the Middle East. The majority of these aerial photographs are kept by three major international archives: two in the UK (The National Collection of Aerial Photography [29] in Edinburgh and the Imperial War Museum in London; [30] ) and one in the US (the National Archives and Records Administration; [31] ).
Aerial photography collections that cover Slovenian territory were taken from May 1943 until December 1944 and result from 235 reconnaissance flights ( Figure 2 ). During WWII, the German (Luftwaffe) and British (RAF) planes primarily took photographs of the area along the railway that ran across Slovenian territory and connected the port of Trieste with Austria, the interwar border area between Italy and Yugoslavia (the Rapallo border), and the Slovenian coast. This resulted in an extensive collection of historical aerial photographs of Slovenian territory that was, however, dispersed among various archives [32] (Figure 2). After WWII up to 1972 aerial photographs of Slovenian territory were taken by the Military Geography Institute (VGI) in Belgrade, which carried out surveys primarily for defence purposes and partly also for major civil engineering projects (e.g. motorways). The collection of post-war aerial photographs includes mainly metric photographs that enable photogrammetric stereoimage-processing and generation of historical DTMs ( Figure 7B ). Post-WWII images are well preserved and largely accessible to the public from the Archives of Aerial Photos [33] . Part of the photographs taken before 1972 is still kept exclusively at the VGI in Belgrade [32] .
Historical aerial photographs can present some technical issues, mainly related to their metrical accuracy, since the calibration data required for photogrammetry tends to be unavailable. This can limit the possibilities for integrating aerial photograph-based data with other digital datasets in which the accuracy of derived mapping is important [12] . Nevertheless, some technical solutions exist, especially with regard to non-metric photogrammetry that can be used [34, 35] .
Before the use, historical aerial photographs need georeferencing (e.g. [36] ). For this, we used ArcGIS.
Historical and present-day DTMs
Conventional photogrammetric procedures use stereo photographs for 3D-spatial and topography reconstruction. This requires a stereo effect, which is created when two images sufficiently overlap one another (usually 60 to 80%) and the optical axes are not too convergent [33, 37, 38] . In contrast to the WWI reconnaissance photographs, a significant share of WWII images were already taken with a stereoscopic camera and enable photogrammetric stereoimage-processing (Figure 3) . Figure 3 shows digital photogrammetric processing of a WWII aerial photograph by using Erdas Imagine Leica Photogrammetry software. With this procedure, we created historical DTMs. Between 2011 and 2015 airborne laser scanning of Slovenia took place and covered the entire country [39] . The laser scanning records enable the elaboration of very precise present-day DTMs (resolution of 1 m) as the laser scanning density for the most of the country was 5 points/m 2 . From these data, we elaborated present-day Li-DAR DTMs for the study sites.
Results
Geomorphological traces of war
Geomorphological traces of war can be in general placed into two groups: (1) landforms that are the remains of war infrastructure (in all study sites), e.g. war trenches, machine gun nests, bunkers, road/railway embankments and cuts; (2) landforms that were formed by human-induced land degradation during battles, e.g. bomb craters (study site A). Among the most preserved war geomorphological traces in studied areas are war trenches, in hard limestone or dolomite bedrock (study site B; Figure 4) , while there are almost no such traces preserved in soft unconsolidated sediments of alluvial plains (study site C) and flysch rock (study site A; Figure 6 ). In general, war trenches are ( Figure 4A ) concave elongated landforms up to several meters deep wide. Individual trenches can be up to few hundred meters long and connected with surrounding trenches forming a trench network. Some trenches are forming simple straight lines and some have a more complex form, e.g. a zigzag shape ( Figure 4C ). Machine gun nests and bunkers (Figure 4 ) are all concave landforms of more or less circular shape; therefore, they can also be misinterpreted as bomb craters, which are also circular. The mean perimeter (and area) of bomb crater in study site A is 24. and the minimum 8 m (4 m 2 ). They are unregularly distributed around trenches, while bunkers and machine gun nests are mostly part of the trench network. Railway embankments and cuts were made as a supporting transport infrastructure (study site C; Figure 7 ). Both elongated, the former convex and latter concave, are rarely preserved in original form. Often, the material of embankments was used as a construction material for postwar reconstructions or the area was change later for civil transport purposes. More detailed analysis of geomorphological traces is presented in following sub-sections, Figures 4-7 and summarised in Table 1.
Preserved geomorphological traces of war
Geomorphological traces of WWI in the study site B were visually recognized on LiDAR DTM. Over 111 kilometres of trenches or app. 1.5 km/km 2 ( Table 1) are preserved in the topography of north-western part of Kras Plateau (SW Slovenia; Figure 4 ) in a study site that covers app. 72 km 2 around the villages Lokvica, Opatje selo, Nova vas, Kostanjevica na Krasu, Sela na Krasu etc. Figures 4D and 4E show the location of the study site and the spread of WWI trenches. Figure 4C shows perfectly preserved trench lines and Figure 4A shows a wider area of trenches around natural enclosed karst depressions (dolines). All these figures are using LiDAR shaded topography as a background, while Figure 4B uses con- 
temporary aerial photograph (2012) overlaid by mapped trench lines (red lines).
During the WWI, the Soča/Isonzo Front severely affected the cultural landscape of Kras Plateau [40] . In addition to the devastation caused by the bombing of the villages and the area around the front line, stones from dry walls (a typical feature in karstic cultural landscapes) were used for the construction of roads or their hardening [41, 42] .
For WWI front lines were typical, meaning that traces of intense warfare are limited to strips some tens kilometre wide [7: 58, 43] .
Although this "static warfare" was no longer in use during WWII, we can still find similar geomorphological traces. In the Sotla River valley (SE Slovenia) (study site D; Figure 5 ; Table 1 ) traces of trenches, bunkers and machine gun nests are preserved. These were not put in place because of the nearby front line, but are part of the German border fortification at the WWII border between Germany and the Independent State of Croatia.
Non-preserved geomorphological traces of war
Many geomorphological traces are preserved only "virtually" as a historical record and present intangible war geoheritage. By comparing present-day LiDAR DTM with available historical aerial photographs we noticed that there are many "lost" war landscapes. Over 12 km of WWI trenches of the Soča/Isonzo Front were mapped around the village of Vrtojba (SW Slove- nia; study site A) for the year 1917 ( Figures 6A and 6C ), but after a century no trenches can be recognized in the present-day LiDAR topography (6B). Over 187 bomb craters or over 155 per km 2 (Table 1) were also mapped ( Figures 6A   and 6C ), but almost none can be recognized today (Figures 6B and 6D). They have not been preserved due to the intensive land use. Similar results were also found in Belgium, where WWI traces of the Western front were "quickly restored" [7: 11] . Gheyle et al. [7] reported that just a few percent of trenches that were mapped from WWI aerial photographs were recognised in the present-day LiDAR DTM. "Virtual" traces of war can be found also from WWII. On Figure 7A (study site C) a 1959 aerial photograph (scale 1:10,000) of an area near Ljubljana (central Slovenia) shows the route of a former WWII German railway. A 3D model ( Figure 7B ) elaborated through stereo evaluation of selected 1959 photographs shows that the railway ran along a cut ( Figure 7B-left) and an embankment (Figure 7B-right). After the war the railway was dismantled and the embankment was removed, so on a present-day LiDAR DTM ( Figure 7C ) these man-made landforms can be barely identified (Table 1) . However, on a 2011 aerial photograph ( Figure 7D ) the route of the former railway can be identified based on the land use (forest). 
Discussion
"The scale of landscape transformation over the last century, within Europe and globally, has been great. War, urban expansion, land use and land cover changes and construction projects, among other activities and processes, have heavily altered our landscape." This resulted in a great "loss of evidence from which to understand the past" [44: 7] . But this "evidence" can be rediscovered with the use of remote sensing. Studying landscape changes with the use of remote sensing depends primarily on the availability of useful historical sources (in our case aerial photographs), their quality, state of preservation, and technological options for further processing. Nonetheless, historical aerial photographs although highly applicable may have some disadvantages that limit their use: 1) poor spatial resolution compared to some other remote sensing data (e.g. LiDAR); 2) lack of coordinates of fiducial marks and distortion parameters of lenses generate problems for georeferencing; 3) seasonal diversity in temperate and cold climates (especially in overgrown areas) when photographs are taken at various time of the year; 4) poor quality of negatives and prints, and 5) accessibility problems related to deficiencies in cataloguing or classified data [9] . Other "general" problems are: 1) different cameras used, complicating the identification of fiducial marks, which vary between cameras; 2) missing calibration certificates; 3) nonuniform heights of flight; 4) low radiometric quality, and 5) unsuitable weather conditions or non-optimal times of day for photography [45] .
War also acts as an impulse for landscape change. By comparing pre-war and post-war landscapes (Figures 6  and 7 ) it is possible to track these changes. Good examples are "bombing landscapes", i.e. war landscapes that were altered by "bombturbation" [46] . On some WWI battlefields "over 50 million craters were produced across a several hundred hectare area in a matter of a few months" [43: 170]. In case of the village of Vrtojba (study site A; Figures  6 and 8 ) the surrounding flysch hills were traditionally terraced vineyards. Due to intensive bombing performed during WWI (over 155 per km 2 ; Table 1 ) part of these terraces were abandoned and nowadays these areas are covered by forest ( Figure 8 ). Abandonment of WWI war devastating areas are known also from elsewhere, e.g. in France, "the government deemed parts of the devastated front zone to be physically and environmentally too damaged for human habitation and impossible to clean up" [7: 55] . In such areas land "returned" to nature (forest), thus surface war features are well preserved. The WWI aerial photographs of Slovenia cover mostly small areas. They are largely non-metric, and hence are almost impossible for digital photogrammetric processing and 3D measurements. For this reason, they enable mainly analysis through visual interpretation. Due to its technical simplicity and its importance for military purposes, visual photointerpretation was already used during WWI [23] . For further processing of WWI photographs more advanced software is needed (e.g. Agisoft) and more overlapping images are required for possible 3D analyses using digital photogrammetry [28] .
The WWII photographs have better technical quality (fiducial marks and other image metric elements), which allows stereoimage processing and visual image interpretation of landscape topography. The post-WWII photographs are metrically even more advanced. They were primarily intended for the production of topographic maps and orthophotos for military or civilian purposes. Thus, they enable the elaboration of high-quality DTMs and the analysis of a wide range of natural and human-induced landscape changes.
The use of historical aerial photographs to determine war geoheritage (or any other heritage in the landscape) is limited to non-forested areas. With the help of LiDAR data, we can also map war landscapes, that are today under forest. "While most geomorphological traces of warfare have been obliterated in areas which have since been ploughed or built over, many such traces still exist in forested areas. Without the aid provided by historical documents such as legacy aerial photographs [or LiDAR data], the mapping of such features until recently required time-intensive field survey, an often prohibitive approach given the large spatial scale of modern warfare" [4: 16] . Besides the under forest preserved WWI tranches on Kras Plateau (study site B), another such an example in Slovenia are also the post-WWI fortifications and earthworks at interwar border between Italy and Yugoslavia [47] .
The type of terrain is another issue related to the level of preservation of war geoheritage. Considering the presented study sites, geomorphological traces are less preserved in soft rocks (flysch) (Vrtojba, study site A) and non-consolidated sediments (alluvium) (Ljubljana Plain, Figure 1 -study site C). While these traces are generally better preserved in hard rocks (limestone, dolomite) (Kras Plateau, Figure 1-study site B) . This is connected with the possibility of intensive land use in non-karstic landscapes (study sites A and C) and limited land use possibilities in karstic landscapes (study site B) [48] . These can be also very site-dependent, as show the cases from the Western front with thicker regolith layer. This corroborates with examples from other countries, while on Verdun battlefield (France) the bombed landscape is well preserved [49] in Belgium many geomorphological traces of war were levelled after the war [7] .
Conclusion
The application of modern photogrammetric techniques to historical aerial photographs, allows a detailed overview of war remains [50] . They provide unique records that cannot be matched by other spatial sources or maps. They especially hold value for those working in a landscape framework as they can be used to track landscape changes through the entire twentieth century [12] . As Pollard and Barton [51: 91] put it: "Place aerial photographs and panoramas together, and one has the most accurate multidimensional image of the landscape that it is possible to achieve." The application of digital terrain models (DTMs) in the investigation of war landscapes can addi-tionally add to the research of geomorphological traces of war [4] .
We used aerial photographs and high resolution Li-DAR DTM to recognize war landscapes and war geoheritage. Upon results, we created the warscape topography layers from which war traces could be recognized.
As similar studies show (e.g. [7] ), this kind of research, hold a lot of potential of finding, documenting, and ultimately acknowledging war geomorphological traces as geoheritage.
